Laser melting deposition (LMD) is typically used for forming and repairing large-scale complex nickel-based superalloy parts, such as aero engines. Defects occur on the surface and structure during LMD and after the completion of forming, so LMD-jet electrochemical machining (JECM) hybrid fabrication was proposed, and a novel abrasive-assisted JECM device was designed. The processing time, and the various processing conditions of the hybrid fabrication were investigated, on account of the balance of processing efficiency and quality. Experiments showed that the oxidation layer of the LMDed samples could be removed entirely under the processing of 90 JECM cycles, while the abrasive-assisted soft brush could efficiently remove the electrolytic products and the abrasive-assisted hard grinding head could efficiently remove the hard-to-electrolyze residual particles in the overlapping areas. The organization microstructure and the surface morphology were characterized using a scanning electron microscope and a 3D optical profiler. The influence that a non-homogeneous distribution of grains (both size and orientation) had on JECM was discussed. The fluctuations of the current efficiencies throughout the processes were analyzed and discussed.
INTRODUCTION
Nickel-based superalloys are used to manufacture aero-engine blades, rocket engine parts, and high-temperature components of petrochemical equipment and nuclear reactor equipment, due to their high high-temperature strength and resistance to oxidative corrosion [1] [2] [3] [4] . Inconel 718 alloy has excellent welding performance, high tensile strength, high fatigue strength, high creep resistance and fracture resistance, and high oxidation resistance to high temperatures, while having stable chemical properties at low temperatures. Inconel 625 alloy has the same excellent performance as Inconel 718, but a higher mass fraction of chromium and molybdenum than Inconel 718 alloy, so its corrosion resistance is higher [5] . The laser melting deposition (LMD) is commonly used to deposit nickel-based superalloy large-scale complex components, due to its large fabrication size and high material utilization [6] [7] [8] [9] [10] . The industrial robot moves the cladding head according to the tracks generated by the CAE software and the preset process parameters during the LMD shaping process. The cladding head injects metallic powder into a melt-pool created by the laser beam with a specific power density on the substrate. There is usually an oxidation on the surface of the LMDed parts. Therefore, subsequent processing is required. There has been a hybrid fabrication that combines LMD and mechanical machining, but the traditional forming process has more difficulty to machining the nickelbased superalloy parts. Jet electrochemical machining (JECM) is suitable for the subsequent processing of nickel-based superalloy parts, as it has no-tool loss, regardless of the material hardness, high productivity, excellent surface quality, and ability to process complex three-dimensional shapes [11] [12] [13] .
In this paper, Inconel 625 alloy powder was used to form the LMDed parts. To post-process the LMDed parts, an LMD-JECM hybrid fabrication was proposed, and an abrasive-assisted, flexible, easy-to-transplant JECM device was designed. During the LMD shaping process, the substrate was placed directly on the workbench and required no clamping, so that the JECM device could perform the subsequent processing without any movement and secondary clamping of the forming sample. The abrasive-assisted soft brush composed of biological bristle was used to remove electrolytic viscous products, to facilitate the discharge of electrolytes, and to improve the heat dissipation efficiency of the processing interface. The abrasive-assisted hard grinding head composed of a red corundum grinding wheel was used to remove the hard-to-electrolyze residual particles in the strip-like regions. The purpose of the hybrid fabrication was to reduce the material removal as much as possible, while ensuring a good surface quality of the JECM, so that the surface quality could be improved while ensuring the processing efficiency. The microstructure and surface morphology of the JECMed samples under different processing time and different processing conditions were studied in this paper. There are many researches on ECM of nickel-based superalloy. The paper mainly explores the process of oxidation removal. The causes for the formation of the hard-to-electrolyze residual particles in the strip-like regions were discussed. The feasibility of the hybrid fabrication system and the JECM device were verified.
EXPERIMENTAL

Experimental system.
The LMD system performed shaping forming of the metal powder on the substrate placed on the workbench. Following the formation, the LMD system suspended, and the cladding head returned to the home position. The JECM device was then moved to the surface of the LMDed sample, to perform the electrolytic treatment. If necessary, the LMD system could continue to deposit on the JECMed surface. Fig. 1 depicts the principle of the LMD-JECM hybrid fabrication.
Figure 1. Principle of the LMD-JECM hybrid fabrication
The LMD system used in this paper was a High-Power Composite Laser Machining Workstation (Fig. 2a) . The entire LMD system consisted of a laser (TruDisk 12003, TRUMPF), a chiller (MCW1-25DTR), an argon cylinder, a cladding head (Siemens), an industrial robot (KUKA), a powder feeding device (GTV PF 2/2) composition, and a computer control system.
The cladding head of the LMD system was controlled by the industrial robot and the shielding gas was ejected from the cladding head. As a result, the workpiece did not require placement in an enclosed environment. The characteristics of the LMD system and the convenience of the switching of hybrid fabrication were taking into account to design an abrasive-assisted JECM device that was compact, flexible, and easy to transplant. The abrasive-assisted JECM device consisted of a JECM cathode, an abrasive-assisted soft brush, an abrasive-assisted hard grinding head, fixing screws, bearings, driving motors, pulleys, belts, and couplings (Fig. 3a) . The experimental results revealed that the electrolytic products of oxidation layer continued to adhere to the surface when the LMDed sample was machined by JECM alone. This seriously affected the subsequent electrolytic reaction. For this reason, an abrasive-assisted soft brush composed of biological bristles was added around the JECM cathode, which improved the removal efficiency of the electrolytic products, facilitated the discharge of the electrolytes and improved the heat dissipation efficiency of the processing interface. An abrasive-assisted hard grinding head, composed of a red corundum grinding wheel, was added in order to remove the hard-to-electrolyze residual particles in the strip-like regions. Fig. 3b is a schematic diagram of the processing principle of JECM. Fig. 3c is an actual object picture of the JECM device. 
Preparation of samples.
The multiple beads single-layer samples (Fig. 2b) were fabricated by the LMD system using the Inconel 625 alloy powder. The substrate material was 306L stainless steel and the substrate size was 140mm*30mm*30mm. The processing parameters are listed in Table I . To study the effect of JECM of different processing parameters on the LMDed samples, the LMDed samples were cut into several 30mm*15mm*30mm subsamples (Fig. 2c ) using wire EDM. This ensured that the organization microstructure was the same between subsamples.
The process of the JECM was the reciprocating electrolysis movement of the JECM device controlled by the industrial robot (Fig. 3b) . The speed of the reciprocating movement was 10 mm/s and the distance between the end points of the reciprocating movement of the JECM device was 45 mm. The processing time of the JECM was defined by the number of cycles of the reciprocating movement. The total traveling distance was 90mm in one JECM cycle. The width (5mm) of the cathode and the width (15mm) of the sample were taken into account to determine that the actual processing time of the JECM device was 5 seconds, while the working time of the abrasive-assisted soft brush was more than 4 seconds in one JECM cycle. The width of the cladding layer of the LMDed Inconel 625 sample was 15mm. The horizontal width of the designed cathode was also 15mm (in Fig. 2c , the white parallel line is the area swept by the cathode during processing). The processing parameters of the JECM are listed in Table II . Three different processing time (JECM cycles) were studied. Surface morphology 3D profiler (S-neox，Sensofar) 0.8mm*0.6mm
Characterization of microstructures and surface morphology.
To investigate the effect that the different processing time and processing conditions had, the characterizations of the microstructure and surface morphology were characterized via the testing instruments in Table III .
Current efficiency measurements.
The current efficiencies of 30 JECM cycles, 60 JECM cycles, and 90 JECM cycles of the LMDed Inconel 625 sample were measured in order. The current efficiency formula used to characterize the current utilization rate was:
(1) where K is the electrochemical equivalent (g/(A•h)), I is the processing current (A), and t is the processing time (h). The formula of the electrochemical equivalent of the alloy was:
(2) Where , , , and are the electrochemical equivalents of Alloy --... -and its constituent elements , , ... , , and , , ... , are the mass percentages of the constituent elements , , ... , .
The working time of the JECM accounts for 55.56% of the entire cycle. The process of JECM used a DC regulated power supply and the processing current changed periodically with the reciprocating movement of the JECM device. The value of I•t was calculated by the integral of recorded curve of the processing current with time. The weight loss of the sample was recorded for 30 JECM cycles, 60 JECM cycles and 90 JECM cycles. The current efficiency was calculated using Eq. (1).
RESULTS AND DISCUSSION
3.1 Microstructure. Fig. 4 shows the JECMed surface after 90 cycles. The SEM image showed that the surface areas of the JECMed samples were flat regions (Fig. 4c ) alternated with strip-like regions (Fig. 4b) covered with hard-to-electrolyze residual particles. Comparing the JECMed Inconel 625 samples (Fig.  2c) , it could be seen that the centerline of the strip-like regions and the centerline of the LMDed overlapping areas coincided with each other, while the flat regions coincided with the area between the two adjacent overlapping areas. The experimental result was closely related to the organization microstructure of the LMDed Inconel 625 samples. It then became necessary to analyze solidification process and the organization microstructure.
The LMD shaping process of the Inconel 625 is was performed in three main stages. The melted superalloy powder that absorbed the majority of laser energy, mixed with the micro-melted substrate or the last deposited meal that consumed the remaining laser energy, formed the melt-pool. The convection mechanism of the metal inside the melt-pool (the second stage) then began (Fig. 5a) . The convection was caused by the interactions within the temperature gradient resulting from the high laser heating rate, the surface tension difference, and the gravity in the melt-pool. There are thought to be two convection mechanisms in the melt-pool, primarily the central double-ring convection A, where the bottom of the pool circulates to the top, and the convection B, on both sides of the melt-pool [14, 15] . Convection A drove the distribution of the alloying elements to be as even as possible and also made the melt-pool spread along the surface of the substrate [16, 17] . Convection B was at the edge of the melt-pool, which ensured the shape of the melt-pool and caused the merging of the substrate materials, which diluted the melted alloy elements [18, 19] . The third stage was the rapid solidification of the melted metal in the melt-pool. The liquid-solid interface gradually moved to the inside of the melt-pool. The heat accumulation caused the temperature gradient to decrease and then the cell cellular grains formed. Dendrites appeared with the formation of cellular grains [20] . In the upper section of the cladding layer, the temperature gradient along the laser scanning direction was relatively large. Dendrites easily formed parallel to the laser scanning direction [21] . Yuan Chen et al. [22] found that when the laser is perpendicular to the substrate surface, the heat dissipating direction in the substrate is divided into vertically downward components and two lateral components horizontal to the laser scanning direction, while the total heat dissipating direction vector points to the lower left. This is indicated by the dashed arrow in Fig. 5b . The solidification theory shows that the direction of the columnar dendrites growth in the bottom of the cladding layer was inclined to the vertical plane of the laser scanning direction and was biased toward the direction of the laser scanning.
The single bead deposition process of Inconel 625 could thoroughly explain the organization microstructure of the flat regions in Fig. 4c . The strip-like regions were covered with the hard-toelectrolyze residual particles, due to the multiple beads deposition effect. Fig. 6c shows that there were some residual micro-melted alloy powders on the deposition surface [23] . Aggregation of the micromelted particles also existed in both the melt-pool sides meeting with the substrate. When a bead of deposition completed and the next adjacent bead was deposited, the overlapping region was reheated and melted. The residual micro-melted powder and the newly-created micro-melted powder could be embedded in the overlapping area of the melt-pool. The reheating influence caused the grain orientation of the overlapping region to change and dendrites continued to grow, which formed coarser grains. The analysis of energy dispersive spectrometer (EDS) in the regions seen in Fig. 4b showed that the residual particles had a higher carbon and oxygen content. Therefore, it could be inferred that the strip-like regions were composed of the coarse grains with reheat growth and orientation changes, as well as the surface-oxidized micro-melted alloy powders [24] . Residual particles were not easily electrolyzed, due to the high carbon and oxygen content of the surface. These residual structures typically remained until other processes became involved or prolonging processing time. Fig. 6a is the overlapping region of the LMDed Inconel 625 sample. Fig. 6b is the region between two overlapping regions. The comparison of the surface region showed that the organization microstructure of the overlapping region is more homogeneous, due to the reheating effect. 
Surface morphology.
The effects that different processing time and different processing conditions of the JECM had on the surface morphology of the LMDed samples are discussed. When the LMDed Inconel 625 samples were directly processed by JECM in the initial experiment, the result showed that the electrolyzed oxidation layer stuck to the sample surface in a sheet-like structure. There was no mechanical force other than the flow of the electrolyte between the cathode and the sample, so these electrolytic products remained on the sample surface, even though they would be easily removed under the external force. The abrasive-assisted soft brush was added to remove the electrolytic viscous products, to facilitate the discharge of the electrolyte, and to improve the heat dissipation efficiency of the processing interface [25] . An abrasive-assisted hard grinding head was provided to eliminate the strip-like regions covered with residual particles. Fig. 7 depicts the entire process. In Fig. 7a , the JECM cathode and the abrasive-assisted soft brush worked together to remove the oxidation layer and the partial alloy of the LMDed Inconel 625 sample. In Fig. 7b , the abrasive-assisted hard grinding head acted alone to remove the hard-to-electrolyze residual particles in the strip-like regions and to further flatten the entire processed surface. The ECM was a highly efficient and precise machining method. Although the machining accuracy was slightly lower than the grinding accuracy, the machining efficiency was much higher than the grinding efficiency. As a result, there was only one grinding cycle after 90 JECM cycles to remove the hard-to-electrolyze residual particles. Fig. 8 depicts the change in the surface topography of two regions of the same piece at different processing time. Fig. 8a1, 8a2 , and 8a3 depict the surface topography of the flat region in Fig. 4c after 30 cycles, 60 cycles, and 90 cycles. Fig. 8b1, 8b2 , and 8b3 depict the surface topography of the stripelike regions in Fig. 4b after 30 cycles, 60 cycles, and 90 cycles. Fig. 9 is a cross-sectional SEM image perpendicular to laser scanning direction of the LMDed Inconel 625 sample. The image shows that the average thickness of the surface oxidation layer of the LMDed Inconel 625 sample was about 30um and there were pits and micro-melted particles about 100um in diameter [26] . This also explained the surface topography of 30 JECM cycles (Fig. 8a1) . There was a lack of processing time, so the oxidation layer of the sample could not be completely dissolved. And the surface oxidation layer was not a homogeneous structure. The existence of some residual particles and pits led to inhomogeneity of the electrolytic reaction. Therefore, the microscopic surface had some ridge-like protrusion areas. As processing time increased (Fig. 8a2) , the microscopic surface area is more even, although some little particles remained. By 90 cycles (Fig. 8a3) , the microscopic surface had no defects, was smooth, and the distribution of dendrites were clearly seen. Notably, the dissolution rates of dendrites and interdendritic areas were different [27] . The changes of surface morphology with the processing time of the strip-like regions in Fig. 8b series were roughly consistent with the flat regions in Fig. 8a series. It can be seen that hard-to-electrolyze residual particles existed from the outset and some ridge-like regions were extended around them as the center (Fig. 8b1) . As the processing time increased, the ridge-like region that extended to the periphery gradually disappeared and eventually the isolated irregular bulge particles were left.
In order to remove the residual particles in strip-like regions after 90 JECM cycles, one cycle of the abrasive-assisted hard grinding head was applied. Although continuing to increase the time of JECM would remove the residual particles in the strip-like regions and make the entire surface have a higher surface quality, this would also lead to the removal of excess material and ultimately affect the efficiency of the entire hybrid fabrication. Our goal was to reduce the removal of the material as much as possible, while ensuring the quality of JECM in order to improve the processing efficiency. Fig. 10 depicts the microscopic surface topography of the sample after 90 JECM cycles and one grinding cycle. Fig. 10b shows a high magnification image of the strip-like region. The hard-to-electrolyze residual particles were easily removed and the grinding surface was smooth. The hard grinding head also further flattened the flat region (Fig. 10c) and the 3D profile comparison (Fig. 12) of the unprocessed LMDed sample and the sample machined by 90 JECM cycles showed that the surface of the processed sample was more even. Fig. 2c defines the three areas as A, B, and C. The surface roughness of the unprocessed and the different processing time and processing conditions in these three areas were measured (Fig. 11) . The surface roughness values of areas A, B, and C gradually reduced from the unprocessed to 30 JECM cycles, 60 JECM cycles, 90 JEDM cycles, and 90 JECM cycles with an additional grinding cycle. The value of the surface roughness after 30 JECM cycles in area A and B was higher than the unprocessed sample because of the incomplete and non-homogeneous electrolytic reaction. 
Current efficiency.
The current efficiencies of 0-30 JECM cycles, 0-60 JECM cycles, 0-90 JECM cycles, 30-60 JECM cycles and 60-90 JECM cycles were measured (Fig. 13) . The current efficiency of 0-30 JECM cycles exceeded 100%, because the oxidation layer was removed by electrolysis. And it was not a uniform removal of a single iron one by one, but the oxidation layer piece by piece. 12 The current efficiency of 60-90 JECM cycles principally reflected the current efficiency of the Inconel 625 alloy sample without an oxidation layer. 
CONCLUSIONS
(1) The abrasive-assisted JECM device designed in this paper was compact, flexible and easyto-transplant. While the LMD system used an industrial robot to move the cladding head in a semienclosed environment and the substrate does not require clamping, the abrasive-assisted JECM device could be easily installed on the industrial robot to become a subsequent process, as well as an in-situ hybrid fabrication.
(2) The experiment proved that the abrasive-assisted soft brush head efficiently removed the electrolytic products, facilitated the discharge of electrolytes, and improved the heat dissipation efficiency of the processing interface, while the abrasive-assisted hard grinding head efficiently removed the hard-to-electrolyze residual particles in the strip-like regions.
(3) JECM is as a non-contact, non-forced, untraditional processing method, that could be used to study the organization microstructure in the designated area of the LMDed sample.
(4) The LMD-JECM hybrid fabrication compensated for the shortage of the LMD-traditional mechanical machining hybrid fabrication. It is expected that this hybrid fabrication will be extensively used in aerospace, medical, and other fields.
